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(GNPs) over cement weight through acoustic emission (AE) monitoring under mechanical
degradation. The ultraviolet-visible spectroscopy (UV-vis) results showed that at 60 min soni-
cation period, GNP-4 showed maximum absorbance rate of 16.15% compared to the GNP-8. The
microstructural characteristics revealed that during hydration of cement there was no apparent
cracks appeared in GNPs-cement composites compared to the reference specimen (GNP-0) which
was 1.44 mm. The cracking mode and damaged detection of the tested specimens resulted in
three distinct stages i.e., (I) pre-peak, (II) peak, and (III) post-peak under mechanical degradation.
GNP-4 achieved 780 N flexural capacity which was increased by 30% and 21.87% compared to
the GNP-0 and GNP-8. Similarly, a compressive strength of 63.12 MPa, 57.5 MPa, and 56 MPa at
28 days was obtained by GNP-4, GNP-8, and GNP-0, respectively. Based on AE hits and amplitude
analysis, the resistance to fracture, damping capacity, and ductility of GNP-4 was improved by
25.30%, 25.1%, and 22.47% respectively, to that of GNP-0. Shear failure (>35 kHz) was observed
in GNP-0, while GNPs cement composites recorded tensile failure (<35 kHz) through RA-AF
parameters. The cracking pattern through Ib value with a warning sign of 1.5 between micro
and macro-cracks and severity of damages through historical index (HI) and severity index (Sr) of
GNPs cement composites was determined. Lastly, it was concluded that GNPs contents can
significantly improve bending strength and delay the cracks initiation in cement composites.

1. Introduction

Cement composites are one of the most common materials used in civil engineering construction; however, as the modern con-
struction industry has grown, and rely on advanced cement composites which provides excellent mechanical properties, resistance,
and durability against the applied loading [1]. Several inadequacies such as mechanical performance and environmental impacts with
cement prevent it from being used proficiently as a construction material. The primary weakness is its inherent brittleness and poor
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tensile strength of the material, both caused by flaws and microcracks. Such microcracks and apparent damages in concrete structures
are caused by excessive water, plastic settlement, bleeding, and shrinkage [2,3]. These premature defects propagate and coagulate
under applied loads, resulting in microcracks that cause mechanical destabilization and eventually lead to catastrophic failure of
concrete structures. With the advancement in nanotechnology, the cited drawbacks can be overcome by incorporating several types of
reinforcing materials in cement composites, including steel fibre [4], carbon nanofibers (CNFs) [5], carbon nanotubes (CNTs) [6],
graphene [7], nano silica [8], nano clay [9], and nanosized titanium dioxide (TiO2) [10]. These nanomaterials have contributed to
increase the cement composites tensile strength, fracture resistance, and toughness at the nanoscale level. Graphene, a single sheet of
graphite, has recently become a significant research priority due to its potential use as a nanomaterial reinforced in cement composites.
Graphene is a useful nano-structural material with high fracture strength (130 GPa), Young’s modulus (~1 TPA), intrinsic mobility
(200,000cm?v~1s71), lightweight(1 g/cm?®), a large theoretical specific surface area (2630 m?/g), its optical transmittance (~97.7%),
and its capacity to absorb 10% more energy than steel before the actual failure. These unique characteristics have made graphene more
popular for research and development than other reinforcing materials[11]. The two-dimensional carbon structures known as gra-
phene nanoplatelets (GNPs) have single or multiple layers of graphite planes. GNPs are not affected by agglomerations, in contrast to
one-dimensional carbon nanotubes, which are vulnerable to agglomerations [12,13]. GNPs facilitate higher interaction with the
surrounding hydration products because of the larger surface area and excellent surface structure. Due to its two-dimensional
plate-like structure, it deviates the fracture path, prevents crack initiation and delays crack propagation [14]. Numerous research
has been carried out where finely grained nanoparticles GNPs have been employed in cement/mortar composites to enhance the
mechanical characteristics and sensing the ability of cementitious composites and the ductility of concrete [15-17]. Qiong Liu et al.
[14] reported that the incorporation of GNPs in cement mortar led to a 36% increase in the compressive strength of nano reinforced
cement-mortar. Chen et al.[18] investigated the addition of GNPs in concrete mix at a proportion of 0.05 wt% enhanced compressive
strength by 22%, while a considerable decline in compressive strength has been observed on the further addition of GNPs. Wang et al.
[19] and Alkhateb et al.[20] concluded that the introduction of the GNPs in cement composites speeds up the heat of the hydration
process resulting in a higher density (C-S-H gel), and ultimately improves the mechanical performance. Furthermore, Zheng et al. [21]
and Jaitanong et al. [22] investigated in their research that incorporating graphene-based materials in cement composites minimizes
the possibility of cracking at the early stage of construction.

The existence of cracks in concrete structures has a substantial influence on the structural safety and long-term durability of the
structures. To support sustainability, quality-of-life standards, and economic prospects, the non-destructive evaluation (NDE) method
is used for smart health monitoring of numerous structures and infrastructural systems [23]. Acoustic emission (AE), defined as the
emission of strain energy in the form of transient elastic waves, is a well-known NDE tool used to analyse the damage detection and
assessment of different types structures [24,25]. To measure the damage in concrete structures, numerous researchers have categorised
several AE parameters in their research. Many researchers have focused on analyzing the basic characteristics of AE signals, such as
their counts, rise time, hits, amplitude, energy, signal intensity, and frequency [23]. E. Proverbio et al. [25] introduced a wide range of
AE parameter techniques in their research to investigate the deterioration of reinforced concrete structures. Elfergani et al. [26]
investigated the identification and evaluation of damage in a prestressed concrete structure through AE technology.

Several analytical methods based on AE signals were used to analyze the damage processes and failure modes of concrete struc-
tures, including the b-value method, average frequency (AF) vs. RA value, and AE signal intensity analysis. In compression and shear
failures, which primarily result in shear cracks, most AE signals have a low average frequency (AF) and a high value of (RA). In
contrast, bending and tensile failures primarily result in a tensile crack and have a maximum average frequency (AF) and a low range of
(RA) [27]. To carry out AE signal analysis, few scholars used the b-value analysis approach [28,29]. Shiotani et al. [30] introduced the
Ib-value method to better understand fatigue crack nucleation following the propagation of tensile cracks. Sagar et al. [31] examined
the propagation of different fatigue crack phases in concrete by using the b-value method. Numerous studies concluded that the
b-value analysis would be useful in understanding the inherent microscopic processes of fracture mechanics [32,33]. AE technology is
now being utilized in fracture identification of concrete columns [34], concrete beams [35] and composite materials[36]. Also, the AE
signal intensity analysis (IA) can be used to characterize the level of damage incurred by a concrete structure [23]. Nair et al. [37]
utilized the AE intensity analysis approach while researching reinforced concrete (RC) members. The IA plot of a historical index (HI)
vs. severity (Sr) correlates well with specimen damage and shows a promising correlation. In the assessment of concrete structures, the
crack intensity parameters HI and Sr have been utilized by a large number of researchers [38,39].

Although, few studies have been conducted on the mechanical performance and micro-cracking monitoring of GNPs-cement
composites under AE technology. However, no significant investigation has been carried out on the structural applications of GNPs
in different kinds of concrete structures which are under extreme loading. Because of the strong interlocking bond as revealed by
FESEM study, the GNPs cement composites can be a good alternative of Ordinary Portland cement mortar in hot regions where control
of dry shrinkage and delay in cracks initiations are required. Therefore, the scope and novelty of the current study is:

1. Structural applications of GNPs in cement composites in concrete structures subjected to extreme dry shrinkage, flexural bending,
and impact loading.

2. Development of optimum GNPs cement composites for strengthening, retrofitting, and cracks repairing purposes of damaged
concrete structures.

3. State of art solution to provide real time micro-cracking monitoring and damage evaluation of GNPs-cement composites in concrete
constructions under AE technology.
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2. Analyses methods
2.1. b-value method

The b-value analysis approach was initially implemented in seismic wave studies, and since then, it has gained widespread
acceptance among seismologists to assess seismicity [40]. Such method can also study the AE research area because acoustic waves are
comparable to seismic waves produced during AE events. The b-value method for AE analysis can be determined using the
Gutenberg-Richter (GR) [41] equation of seismicity, as follows in Eq. (1) [42]:

A
log,,N = a—b(%) @

Where N is the number of AE events with magnitudes greater than Agg, Ags is the peak AE amplitude, a is the intercept along the
log;oN — axis, and b is the slope of base ten loglines plotted against Ass. Eq. (1) indicates that the b-value increases with the initiation
of micro-cracks. In contrast, the b-value decreases after the formation of macro-cracks. To explain the statistical values of AE events,
the improved b-value (Ib-value) analytical technique was developed by T. Shiotani et al. [30] which can be appropriately used for
concrete and geotechnical materials, calculated as follows in Eq. (2):

_ log;oN(p — &16) + (i + %0)

Ib
(o + ap)o

(2)

Where ¢ and yu are the standard deviation and mean values of AE events, respectively; a; and a are the coefficients related to the AE
amplitude, ranging from — 1-1. Every new hit recorded throughout the fracturing process updates the Ib-value considered a transient
feature. The parameter N is often set to the closest 100 hits (N = 100) since the Ib-value is so sensitive, it can monitor minor fracture
occurrences [43].

2.2. Average frequency (AF) versus RA value analysis

In cement composites, tensile and shear cracks are two predominant types of cracks. The process of failure begins with the for-
mation of many microscopic tensile fractures. As the strain on the material increases, the tiny tensile cracks join with each other and
eventually grow into macroscopic shear cracks [44]. The average frequency (AF) is defined as the ratio of ringdown counts to the
duration, whereas; RA is defined as the ratio of rise time to the amplitude, measured in us/V. Based on the following Eqgs. (3) and (4),
the two parameters can be calculated as:

ringdown counts

AF 3
duration ®

rise time
= 4
amplitude Q)

The existing literature [23] shows that tensile fracture corresponds to an AE signal with low RA value and high AF, while shear
fracture corresponds to an AE signal with high RA value and low AF.

2.3. AE intensity analysis

The trend of AE data is determined by the intensity of the AE signal based on the consideration of the amplitude and duration, and
can be used to evaluate the deterioration and the general integrity of the specimen [37]. The plot of the historical index (HI)and
severity index (log,,S;), used in crack intensity analysis were both dependent on the AE signal strength [45]. The Historical Index (HI)
is an analytical approach for comparing the signal strength of the most recent AE event to all AE occurrences [46]. It is derived using
the following Eq. (5):

HI(t) = — =< 5)

Where N represents the cumulative number of hits until the time (t); S,; represents the signal strength of i" AE hit, and K represents an

Table 1
K-parameter for concrete structure [23].
No. of hits (N) <50 51-200 201-500 > 501
K Not applicable N-30 0.85N N-75
3
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empirical material constant, as shown in Table 1.
The average signal strength for the fifty AE hits with the highest numerical value of peak amplitudes is known as the severity(S;)
[37]. It is calculable as follows in Eq. (6):

NS Soi (6)

J
=1

~| =

where S,represents the severity index,S,; is the ith-largest signal strength, and J represents the empirical constant for concrete, as shown
in Table 2.

3. Materials and experimental program
3.1. Materials and mixed proportions

The materials for casting GNPs-cement composites were comprised of tap water, P.0.42.5 Portland cement, and GNPs used in the
mechanical testing. GNPs used in this research came from the Times nano Web (Chengdu, China). A surfactant, Acacia Gum (AG-
natural polysaccharide), was utilized as per the recommendations of previous related research to disperse and improve the workability
of the nano-modified GNPs cementitious composites [47]. Acacia Gum (average particle size of 205 um, viscosity 70-110mm? /s, PH:
5.0) was purchased from Kemiou chemical reagent Co. Ltd (Tianjin, China).Tables 3 and 4 illustrate the physical properties of cement,
as well as the key properties of the GNPs. A total of 3 formulations, with graphene contents of 0 wt%, 0.04 wt%, and 0.08 wt% over
cement weight were prepared and tested to measure the response of nanoplatelets presence on the fracture and mechanical perfor-
mance of cement composites. The three-point bending followed by compression test was performed on a total of 54 specimens, with 18
specimens of each formulation being fabricated. In each formulation, the water to cement ratio was maintained at 0.35, and a
graphene-to-surfactant ratio of 1:1 was used for this research. The process of fresh and mechanical testing of the GNPs-cement
composites was characterized as the "mixing, vibrating, and curing" method (ISO Method) (GB/T 17671-1991). The specific mix
proportions of the GNPs-cement composites formulations and the specimen designations are summarized in Table 5.

3.2. Specimen preparation

Fig. 1 represents the schematic plan for the preparation of GNPs-cement composites. To produce a homogenous aqueous solution of
acacia gum, individual 0.04 wt%, and 0.08 wt% acacia gum by weight of cement binder was added to the water and then agitated for
15 min. Then, as shown in Table 5, GNPs were added to the aqueous solution in the proportions of (0.04 wt% and 0.08 wt%) by weight
of cement. Afterward, a probe ultrasonicator (operated at 100 W at the speed of 3000 rpm) was used to thoroughly mix the GNPs
suspensions for 30 and 60 min, respectively. During the whole sonication process, the vessel containing the GNPs suspensions was
submerged in cold water to maintain a low temperature in the solution. Additionally, the beaker was covered with a plastic sheet to
prevent water from evaporating.

In the next step, the ultrasonic treated GNPs suspensions were mixed with ordinary Portland cement using an agitator kettle. They
were treated through a multispeed planetary mixer for a total of 5 min, at low and high speeds successively. In the final step, the
mixture was poured into 40 mm x 40 mm x 160 mm size oiled steel moulds immediately and shaken them for 1 min at the vibrating
table to eliminate the air bubbles. Before demolding, all specimens were maintained at room temperature in the laboratory. The
specimens were weighed, labelled, and then placed in a 100% humidity environment for 28 days of curing after they were demolded
(24 h later).

3.3. Physical properties

3.3.1. UV-vis spectroscopy of GNPs aqueous solution

The degree of dispersion was measured using (UV-vis) in the presence of surfactant to analyse the dispersion results [48]. The
Beer-Lambert law was used to monitor and demonstrate their absorbency. According to Lambert-Beer’s law: A = log%:logf—s:E Cl, the
strength of the dispersed solution is linear to the absorbency of solution in a certain wavelength; where A=absorbance, T = light
transmittance, I,= intensity of incident radiation, I;=intensity of transmitted radiation, E = molar absorption coefficient, C=solution
concentration, and [=optical path length. According to previous research, a peak of absorption at 270 nm was seen in the UV-vis
absorption spectra of graphene. This peak is usually primarily caused by the agitation of the n-Plasmon dispersion relation of
AA-stacked graphite [49].

Table 2
J value for concrete structures [23].
No. of hits (N) <50 > 50
J Not applicable 50
4
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Table 3
Physical properties of reference cement.
Density Specific surface area[m?/kg] Consistency [%] Setting time (min) Compressive strength Flexural strength
[g/cm’] [MPa] [MPa]
Initial Final 3d 28d 3d 28d
3 352 26 159 235 30.0 55.2 5.9 8.3
Table 4
Properties of graphene nanoplatelets.
Diameter Thickness Purity Layers PH value Specific surface area Bulk density
[um] [nm] %] [m?/g] [g/cm’]
5-10 4-20 > 99.5% <20 7.0-7.5 > 750 0.6
Table 5
Mix design of modified GNPs cement composites specimens.
Formulation ID w/C GNPs Amount (%) Acacia Gum (%)
GNP-0 0.35 _ _
GNP-4 0.35 0.04 0.04
GNP-8 0.35 0.08 0.08
Acacia Gum(AG)

water

=

Dispersed GNPs

l

; E UV-Spcch‘;)scopy

GNPs

Graphene-cement composites Molding Planetary mixing Cement

Fig. 1. Preparation of dispersed solution and casting produce of GNPs-cement composites specimens.

3.3.2. Scanning electron microscopy

The microstructure, surface texture, and morphology study of GNPs in cement matrix were examined using a Field Emission
Scanning Electron Microscope (FESEM) Nova Nano SEM 450, FEI Co. on fractured cement fragments(l cm x 1 cm). During me-
chanical testing, they were collected from fragments of broken representative formulations, and ethanol was used to inhibit further
hydration.

3.4. Apparatus and experimental methods

3.4.1. AE test

Fig. 2 depicts the test apparatus for AE monitoring based on the three-point bending test. For fractures monitoring, the sensor R6a
was mounted onto the specimens with an operating frequency range of about 35-100 kHz. The AE response was recorded using Micro-
1 Digital AE System (provided by Physical Acoustic Corporation) and AEV" software. In this test, the AE signal was amplified by 40 dB,
as most of the AE signals are very weak and need preamplifier for amplification. The acquisition threshold was set at 40 dB to maintain
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Fig. 2. (a) Experimental setup for three-point bending test mounted with AE monitoring of GNPs-cement matrix; (b) Sensors configuration and
details views of GNPs-cement composites specimen.

a good signal-to-noise ratio. As shown in Fig. 3, a typical AE waveform can be determined from key parameters such as amplitude,
duration, counts, energy, and rise time.

The span length, the distance between the two lower supports, equals 100 mm. The GNP-cement composites were tested in a
universal testing machine (WDE-100E) by employing static load at a strain rate of 0.05 mm/min. The four sensor centres were spaced
15 mm, 25 mm, 15 mm, and 25 mm apart from the specimen top corner, as shown in Fig. 4. These sensors were positioned 55 mm,
105 mm, 55 mm, and 105 mm apart from the left corner, respectively. As showed in Fig. 2(b), silicon grease was used as a coupling
agent to attach the four sensors to the specimen surfaces.

3.4.2. Test method for compressive strength

Refer to GB/T17671-1999 "Cement paste strength test method (ISO method)," the compressive strength of GNP-cement composites
was tested after 3, 7, and 28 days of curing. A 2400 N/s + 200 N/s loading rate was used for operating the testing equipment (WHY-
300) to determine the compressive strength of each fractured piece. The test results were calculated using the average value of six
specimens, unless > + 10% of the average specimens.

4. Results and discussion
4.1. Dispersion of GNPs suspensions
The strong Wan der Waals forces and large surface areas of the particles are the main issues with the dispersion of GNPs. Addi-

tionally, the individual sheets in GNPs exhibit a n-t bond, which causes stacking. Thus, adding a surfactant (Acacia Gum) can
significantly help to break these strong interparticle interactions and reduce these strong attractions, allowing for homogeneous GNPs

Rise Time

Maximum Aplitude

Threshold Level

Volts
’—;
—

"

=— Duration Time —={

Fig. 3. Typical AE signal.
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15 mm \
I}
T T 40 mm—
100 mm

160 mm

Front view Left side view

[ 1 1]

(b)

40 mm

NN

620 mm

Top view

Fig. 4. Typical illustrations of AE sensors placement and geometry of GNPs-cement matrix.

dispersion. The UV-vis results for GNPs suspensions at 30-minute and one-hour sonication durations is shown in Fig. 5 regarding the
absorbance value at 200-900 nm wavelength. Results indicated that introducing acacia gum while using sonication energy produces
well-dispersed aqueous solutions. As demonstrated in Fig. 5, there was a direct relationship found between the absorbance of GNPs
contents and sonication period as illustrated in Xu et al. [36]. The UV-vis absorption spectra of the 0.04 wt% and 0.08 wt% graphene
concentrations showed the largest peak of the absorption wavelength at 267 nm. As shown in Fig. 5(b), when the sonication period was
extended from 30 to 60 min, the GNP-4 showed better dispersion than GNP-8. Due to the larger size and weight of GNPs, which need
more energy to disperse [47], the GNP-8 absorbance value was lower than that of GNP-4. The absorption value of GNPs suspensions
ceased to rise after 60 min of sonication, regardless of the sonication period.

4.2. Mechanical properties

The load-deflection curves obtained during the three-point bending test at 28 days of curing of reference and specimens reinforced
with the addition of GNPs are shown in Fig. 6. The entire GNPs- cement composites exhibited in three distinct mechanical stages
against the three-point bending loading i.e., (1) Stage I; pre-peak: (2) stage II; peak: (3) stage III; post-peak. The addition of GNPs in the
reference specimens significantly improved the post-peak response. Also, the GNPs- cement composites exhibited steep slope

@ 32 : : (b) 55 —
‘ ‘ — GNP4 || L. ; — GNP-4
—— GNP-8
3.0 sob :
2.8 >~ [
2 % 451
g 0
826} 2
— o
204 < 4
221 3.5k
2.0k
30 Il I I I | | |
100 200 300 400 500 600 700 800 900

1 1 1 1 1 l 1
200 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Fig. 5. UV-Vis spectrum of 0.04 wt% and 0.08 wt% over cement weight GNPs-suspension as a function of sonication time: (a) after 30 min soni-
cation; (b)after 1 hr. sonication.
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—— GNP-0
—— GNP-4
= GNP-8

0.8 |

Load (kN)

0.4

02 fif I\

L |
00 01 02 03 04 05 06 07 08 09
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Fig. 6. Typical load-deflection curves of GNPs-cement composite specimens; GNP-0, GNP-4 and GNP-8.

behaviour during the first two stages leading to the facts that the specimens have higher bending stiffness against applied load and can
be more suitable for cracks repairing and retrofitting purposes of damaged concrete structures. It was observed that cement composites
reinforced with GNPs need larger stress to obtain the same deflection than GNP-0. This can be concluded that nano reinforcements play
a vital role in nano/micro size crack inhibition as well as in increasing load-bearing capacity of concrete structures [17].

Compressive and flexural strengths of GNPs- cement composites at different ages were showed in Fig. 7. In comparison to the
reference specimen (GNP-0), the GNP-4 formulation showed excellent performance, with flexural strength and compressive strength
reaching 9.6 MPa, 10.5 MPa, 12.4 MPa, and 40.1 MPa, 47.5 MPa, 62.5 MPa at 3, 7, and 28 days of age, respectively, with an increase
in flexural strength of 26.3%, 29.62%, 34.7%, and an increase in compressive strength of 11.3%, 11.7%, 13.4%, respectively. On the
other hand, in GNP-8 formulation, the flexural strength and compressive strength reached 8.6 MPa, 9.2 MPa, 10.2 MPa, and 38 MPa,
45 MPa,57 MPa, after cured 3d,7d and 28d, respectively, with the amplification of 13.1%,13.5%,10.8% and 5.5%,5.8%,3.4% in
flexural and compressive strength compared to reference specimen. Based on the obtained results, a well-dispersed GNPs in cement
composites enhances compressive and flexural strength while resulting in more excellent energy absorption during final failure against
the extreme loading.

4.3. Micro- and macro-crack detection by acoustic emission analysis

The fluctuations of numerous AE parameters computed during the three-point bending test were associated with three distinct
phases of damage progression to determine micro- and macro cracking.

@) 65 (b) 13
= L —a— GNP-0
£ g0l —e— GNP-4
S 60) - 12- —— GNP-8
N Q—4 L
<=
5 55 =t
S =
8 2 I
o S0 210
;‘;45- E) 9L
= |
S a0l 3l
35! I ; i : 2|8 7 '3 L i 2~8

7 7
Age (day) Age (day)

Fig. 7. Mechanical characteristics: (a) Compressive strength of GNPs-cement composites; and (b) Flexural strength of GNPs-cement composites.
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4.3.1. Cumulative number of hits and cumulative energy

The AE parameter curves of the three alternative formulations are depicted in Fig. 8, and it can be observed that the accumulated
energy and the cumulative number of hits trends are the same. The entire microcracking response of the tested specimens comprised of
three main stages as reported by Xue et al. [36]. In stage (I); the AE activities of the GNP-4 and GNP-8 were analogous to those of the
GNP-0 with 30000 and 7500 cumulative energies. Stage (II) was the strengthening stage, where all the specimens exhibited a peak
response; stage (III) was the failure stage, GNP-4 and GNP-8 exhibited more AE activity of 5200 and 4700 hits due to the high strain
fracture mechanism than that of GNP-0 which was 4150 hits. The load-time and AE hits of the GNP-4 and GNP-8 formulations varied
slightly. Despite initiating slowly, the GNP-4 and GNP-8 formulations exhibited considerable increment as the stress increased. GNP-8
formulation contained more fractures in the first stage due to the larger size and weight of GNPs particles, which resulted in an
inevitable accumulation of damage in early stage of loading.

In addition, the cumulative energy of the AE hits gradually increased initially, but after the load exceeded the maximum limit
(>60%), AE cumulative energy raised substantially. The GNP-0 possessed a significant amount of energy before the peak stress.
However, the cracks started growing as the peak stress reached to its limit and thus, the generation of macrocracks eventually formed a
fracture zone. In stage (I), the AE energy of the GNP-4 formulation was low, fractures were minor, and there was no significant cracking
prior to fracture unlike in the GNP-0 which demonstrated that GNP-4 has high fracture toughness.

4.3.2. Amplitude distribution

As showed in Fig. 9(a), the amplitude distribution range in the GNP-0 lies between 40 and 60 dB during stage 1. However, the
amount of AE activities in a total duration of 60-110 s were maximum during the peak stage (II), which clearly indicates that micro-
cracking activities were at a peak at this stage. A gradual decrease was observed in recorded AE amplitude during the last (III) fracture
stage that comes soon after the specimens reached their peak response in terms of load-displacement behaviour.

Similarly, as showed in Fig. 9(b-c); the recorded AE amplitude in GNP-4 and GNP-8 formulations touched a maximum limit of 70
and 80-dB during stage (II), corresponding to the maximum duration limit of 60-170 and 45-180 s, respectively. Thus, these
experimental observations can be explained that less AE activities generated once the intensity of the growth rate of cracking becomes
higher, corresponding to the time duration of AE signals. In addition, the mechanical performance of different GNPs-cement com-
posites also greatly varied with the addition of GNPs in reference cement composites bringing the denser distribution of AE amplitude
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Fig. 9. AE amplitude distribution: (a) GNP-0; (b) GNP-4; and (c) GNP-8.

across the nano-reinforced GNPs tested specimens due to their strong damping and ductility. Consequently, such phenomenon
increased the AE energy due to excessive micro-cracking activities. Furthermore, the strength of AE signals became weak in terms of AE
amplitude because of the micro-cracks leading toward macro-cracks; thus, the attached sensors couldn’t detect low AE signals during
the macro-cracking behaviour of the tested specimens. Overall, the damping capacity and ductility of GNP-4 was improved by 25.1%
and 22.47% compared to the GNP-0.

4.3.3. RA-AF value

High RA values at 40000 ps/V in three-point bending tests indicate a shear fracture, whereas low RA values near 20000 pus/V
indicate tensile fracture mode [50]. In similar way, the lower AF value (>35 kHz) of concrete structures suggests shear failure, while
higher AF value (<35 kHz) results in tensile failure [51]. A distinct shear failure mode was characterized through a range of RA values
between 31000 ps/V for the GNP-0, as showed in Fig. 10. In contrast, a significant tensile failure was indicated by a range of RA values
between 20000 ps/V for the GNP-4 and GNP-8 formulations, respectively. As a result, the cracking mechanism in the GNP-0 changed
from shear failure to tensile failure with the incorporation of graphene nanoplatelets. The RA value distribution of the GNP-0 was
wider and showed a more significant upwards progression while examining the RA-AF distributions of the three different formulations,
which corresponds to a higher degree of damage. The RA value distribution of GNP-4 was smaller and with less upward movement,
corresponding to a lower degree of damage and better integrity. In contrast, the RA value distribution of GNPs-8 was spaced between
that of GNP-0 and GNP-4. Based on AF analysis, the GNP-4 and GNP-8 showed tensile failure with AF values of 0-200 kHz and
0-300 kHz compared to the GNP-0 which 0-35 kHz.

4.3.4. Ib-value

The Ib-value was calculated using 100 recent hits that were recorded during the fracture process. As showed in Fig. 11, the trends of
the Ib-values of the three formulations were similar below the warning Ib value of 1.5. Fig. 11(a), represents the cracking pattern of
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Fig. 10. The RA-AF value of: (a) GNP-0; (b) GNP-4; and (c) GNP-8.

GNP-0 attributed to Ib-values, which were increased early in the development of microcracks, indicating that the damage in the GNP-
0 was homogeneous and minor. However, the Ib-values were declined dramatically around the peak load point, indicating the gen-
eration of macrocracks. In the loading stage, the Ib-values of GNP-4 were low, indicating that microcracks were formed in the fracture
process zones. Hence, the degree of damage was lower than that of the GNP-0. The crack formation of GNP-8 was minor and developed
slowly in the initial stage because the Ib-values fluctuation range was smaller, with a slight drop prior to attaining the ultimate load.
During the main collapsed stage, a significant declined trend, as showed in Fig. 11(a-c), was observed in Ib-value in all tested spec-
imens indicating a clear transfer of micro into macro-cracks failure mode.

4.3.5. AE intensity analysis

The HI curves for the GNP-0, GNP-4, and GNP-8 specimens are shown in Fig. 12(a). A substantial deterioration was begun to occur
in the cement composites as the HI curve reached its peak. A high peak in the loading stage of the control specimens shows consid-
erable damage. There was no peak in the initial loading stage of the GNP-4 HI curve, indicating that the damage to the cement
composite material was minor and the mechanical performance was good. However, at a later stage of loading, there was a high peak
value of acoustic emission intensity which resulted in failure of GNP-4, corresponding to cement hydration and strong bonds between
products in graphene. Fig. 12(b), shows the Sr-time relationships of the GNP-0, GNP-4, and GNP-8 specimens. Slope changes in the Sr-
time curve indicated the presence of new major cracks in the AE signals. There were several sharp peaks in the acoustic emission signal
of the GNP-0 during the loading process. On the other hand, the GNP-4 showed a stable and smooth curve, including high mechanical
performance throughout the three-point bending loading.

The damage assessment of GNPs-cement composites was determined through HI vs. 1g Sr plot. Fig. 12(c), displays the analysis of AE
signal strength using HI vs. 1g Sr factors. The severity of the damage associated with the AE signal source increased when the point was
moved away from the upper right corner. The closer the point is to the bottom left corner, the less influence it has on the source of the
acoustic emission signal. HI and Sr values higher than the normal range indicates that the cementitious materials are potentially in the
harmful stage. Fig. 12(c), depicts the suggested limit for the GNP-0 safe region, as 1gSr = 5 and HI = 2.5. The presence of GNPs boosts
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Fig. 11. Ib-value analysis of: (a) GNP-0; (b) GNP-4; and (c) GNP-8.

the cement composites safety reserves, as shown by the HI value for GNP-4, which was 3-4 times greater than the normal value.

4.4. Microstructure characterization of GNPs-cement composites

The microstructure comparison between the plain cement pastes and GNP-cement composites was depicted in Fig. 13. As illustrated
in Fig. 13(a), the plain cement paste had a severe crack of 1.44 mm that passed directly across the whole hydration of the cement
product. On the other hand, as showed in Fig. 13(b-d), there were no apparent cracks, and adding GNPs into cement composites
enhanced the abundance of cement hydrates. The addition of GNPs into a cement composite resulted in a layered structure that was
denser and less porous and organized in layering assembly. It implies that GNPs could function in altering the form of cement hydrated
products and filling the cement-composite structures pores and cracks, which prevents crack propagation under the external load. It
can be seen from Fig. 13(d), that the sheet-like aggregates were observed when the GNPs content increased to 0.08 wt% in the cement
matrix. It was hypothesized that the accumulation of GNPs particles may have produced this behaviour in the cement matrix. Because
of the high concentration of GNPs in the cement matrix, it is possible that they will form a blockage and will not combine with the
surrounding cement matrix. As a result, the density of the structure will be reduced, and the mechanical properties of the cement
composite will be decreased.

5. Conclusions

The present study employed the AE technique to monitor the crack propagation and damage evaluation of GNPs-cement composite
specimens with reinforcement ratios of (0 wt%,0.04 wt%, and 0.08 wt%) over the weight of cement, respectively. Four AE sensors
continuously collected the AE signals released under the three-point bending test. The collected AE data were analyzed by AE pa-
rameters such as the cumulative number of hits, cumulative energy, amplitude distributions, and three representative analyses
methods, including the RA vs. AF, Ib-value method, and signal intensity analysis to reveal the cracking characteristics and damage
process of GNPs-cement composites. The following were the main conclusions that may be drawn:
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1. As evident through UV-vis results and SEM images, the dosage of GNPs at 0.04 wt% by weight of cement binder showed a
maximum absorbency rate at 60 min sonication period, which proved to be an excellent dispersion agent in cement composite.

2. The GNPs-cement composites showed mechanical performance in three distinct stages under mechanical degradation: namely,
initial stage (I), pre-peak stage (II), and post-peak stage (III).

3. The compressive and flexural strengths of GNP-4 was improved by 12.71% and 30%, respectively, compared to the GNP-O0.

4. Based on the analysis of the AE parameters, the results of GNPs-cement composites obtained from the three-point bending test
precisely detected micro- and macro-cracks at the early-stage loading. The GNP-4 specimen exhibited higher hits activity, cu-
mulative energy, HI(t), and Sr, and a lower Ib-value than the GNP-0, which was attributable to higher compressive and flexural
strengths.

5. The GNPs in cement composites caused a bridging effect among graphene-cement particles, which prevented the development of
cracks during the early stages of loading.

6. The GNP-4 and GNP-8 exhibited tensile fractures, while GNP-0 resulted brittle fractures.

7. The safety reserve and cracks assessment through signal intensity analysis with a safe limit of HI = 2.2 and lgSr = 5 was identified
in a pattern of GNPs-4 >GNPs-8 >GNP-0. The results revealed that the cement composites combined with GNPs possessed a more
significant damage safety margin than the reference specimens.
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